Abstract-In this paper, a new PID parameter tuning method is proposed. First, extensive analysis of the PID frequency properties is conducted. Based on the analysis results, the concept of characteristic frequency of the PID controller is proposed, which builds a relationship between the PID parameters and the oscillation characteristics of the closed loop response of the PID control system. Second, extensive study is made on how the PID parameters influence the closed loop system response characteristics. Third, based on the characteristic frequency of the PID controller and the corresponding analysis results, a set of tuning rules of the PID parameters are proposed, which are based on the characteristics of the closed loop response. The merits of these tuning rules are: only the characteristics of the closed loop response of the control system are required in the tuning process, while the system model of the controlled object is not required. Finally, the effectiveness of these tuning rules is verified by the simulation results on several typical models of the controlled objects.
INTRODUCTION
Due to the easiness in tuning and implementation, the PID control method has gain great popularity in the industrial applications, such as process control and mechatronic system control. Corresponding to its great influence in the engineering field, in the academic world, extensive and systematical study has been made on how to tune the PID controller effectively and conveniently. Abundant research results have been acquired [1] - [3] . Many famous and far-reaching methods can be found in the literature, such as the Ziegler-Nichols method [1] [2] , the IMC method [3] - [5] . In the early Ziegler-Nichols method, the output of the system is analyzed, and then based on the shape of the output, the PID parameters are directly given according to a set of clear relationships. After the Ziegler-Nichols method, many other design methods were proponed, for example, the internal model based design method (IMC) [3] - [5] , the loop shaping method [6] [7] . These methods are often based on certain characteristics of the plants or based on typical plant models. To apply these methods, the characteristics of the plants or the plant models are first identified, and then according to certain algorithm, the parameters of the PID controller are directly given. For example, the IMC method needs the model of the controlled object to build the internal model controller, and then through structural transformation and parameter approximation, the internal model controller is transformed into PID controller. In the loop shaping designing method, the system model is used to design the shape of the bode diagram of the open loop transfer function, and when the requirements of magnitude margin and phase margin are fulfilled, the PID controller designing is accomplished.
The above model based designing methods are useful in the optimization of the PID parameter. However, the original advantage of PID controller that the parameter tuning requires little system model information is lost, and the designing results are heavily dependent on the modeling precision. Thus, the designing result can be greatly affected by the modeling error and system identification error, and the popularizing of these designing methods can be difficult.
For the above reasons, in the practical engineering application, for a good PID tuning strategy, the required system model information should be very little, and the PID parameters tuning should be based directly on the closed loop system response characteristics [8] [9] [10] .
The aim of this paper is to give a new PID tuning strategy which is based directly on the closed loop system response characteristics. The most significant characteristics of this tuning strategy is that the tuning process is based on information that can be easily and directly measured, or is known already, such as the vibration frequency of the closed loop system response, and the PID characteristic frequency which can be calculated from the existing PID parameters. In this way, the complicated analysis during the designing is avoided, and the PID designing becomes quite easy.
II. NEW PARAMETERS FOR PID CONTROLLER
The transfer function of a typical PID controller is given as:
To express the phase and magnitude of the PID controller in a clear and regular form, and make it convenient in the analysis and adjustment of the PID parameters. New parameters are proposed, and the PID controller is expressed as:
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The phase and magnitude of the PID controller at frequency ω are given in(2.4).
Based on (2.4), the influence of the variation of n ω , α and β on the phase and magnitude of ( ) C s can be given in the form of partial derivative functions:
Thus the following conclusions can be obtained:
To analyze the influence of the magnitude and phase of the open loop system on the magnitude of the closed loop system, the M-field is introduced and analyzed in this section.
A.
The ( )
Definition 3.1:
is a M-circle given by equationError! Reference source not found., with M m = .
1 M is the straight line M M − and with center at 2 2 / ( 1)
. This circle is defined as M-circle [14] , shown in fig. 3 .1.
In the complex plane of M X Y , which is called the Mfield.
Consider the point / ( 1) 0
Hence, 
Using the same method, P2 can also be proved. The scalar field ( , ) M X Y is first order differentiable in its domain, so we can define its gradient vector: ( , ) V X Y . The size and direction of ( , ) V X Y are respectively labeled as
Proof: Let t and n be the direction vector of the tangent line and the normal line of m
V X Y can be given in the orthogonal decomposition form:
According to the definition of M-circle,
M X Y is constant on m M . So according to the definition of gradient:
Thus we have: ( , )
Thus theorem 3.1 is proved. Fig. 3 .2 shows the Nyquist curve of a system ( ) G s . Given a frequency value 1 ω , there is a corresponding point 
Theorem 3.2: can be neglected when the point corresponding to 1 ω is moved from P to P′ :
Hence: Fig. 3.2 
Proof: Suppose that due to the variation of the controller parameters, the point corresponding to 1 ω moved from P to V ω can be neglected when the point corresponding to 1 ω is moved from P to P′′ and that φ can be regarded to be zero degree. In this condition , we have:
, and:
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IV. THE INFLUENCE OF THE PID PARAMETERS ON THE MAGNITUDE OF THE CLOSED LOOP SYSTEM
If the behavior of the closed loop step response exhibits overshoot, it is typical that the system oscillates [2] . The oscillation reflects the fact that the magnitude of the closed loop system at and near a certain frequency is significantly higher than that at other frequency region.
This section discusses how to reduce the magnitude of the closed loop system at the oscillation frequency to reduce the oscillation. The following definitions are given: ). So, for case 3, the tuning method is: decreasing β .
D.
Parameter tuning rules The discussion in subsection A, B, C is concluded in table Ⅰ. Decreasing β For a certain case, there are different tuning methods under different side conditions. However, from the system response, it is difficult to discern which side condition the system fulfills. So we need to try them one by one. As increasing the open loop magnitude can enhance disturbance suppression and quicken response. So the methods of increasing certain parameter should be tried first and those decreasing certain parameter should be tried last. Based on , choosing from [13] is used to verify the tuning rules proposed in section Ⅳ. The tuning result is compared with the design result using Ziegler-Nichols method and SIMC method in [13] . The corresponding curves are shown in fig. 5 .1, in which the time unit is second. The tuning process is listed in table Ⅱ. Fig. 5 .1-i compares the system tuning with the proposed tuning method (curve 1) and systems designed using ZieglerNichols method (curve 2) and IMC method (curve 3) in servo tracking and disturbance suppression. The main innovation point of this paper is a reference frequency value used to evaluate the oscillation frequency of the PID control system, and this reference frequency is the PID characteristic frequency, c ω . The time zone response of the PID control system usually contains oscillation. In the tuning methods proposed in this paper, the oscillation frequency of the PID system is first compared with c ω . Then, based on whether the oscillation frequency is higher or lower than c ω , corresponding tuning methods is given to tune the PID parameters. The PID characteristic frequency c ω serves as a link between the PID parameters and the PID system frequency properties and the PID system response characteristics.
